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SYNOPSIS

The thesis entitled “Biomimetic Modeling of Organic Synthesis Catalyzed by Cyclodextrins” has been divided into five chapters. Chapter-I deals with a brief introduction to “biomimetic organic chemistry”. Chapter-II is divided into two sections. Section-A summarizes the study of the Michael addition of -cyclodextrin-thiol complexes to conjugated alkenes in water, Section-B deals with -cyclodextrin promoted allylation of aldehydes with allyltributyltin under supramolecular catalysis in water. Chapter-III has been divided into two parts. Section-A represents an efficient biomimetic ring opening of oxiranes with phenoxides in the presence of -cyclodextrin in water, Section-B deals with the synthesis of thiiranes from oxiranes under biomimetic conditions catalyzed by -cyclodextrin in aqueous medium. Chapter-IV has been divided into three sections. Section-A describes biomimetic oxidation of alcohols and epoxides with N-bromosuccinimide in the presence of -cyclodextrin in water, Section-B deals with deprotection of aromatic acetals catalyzed by -cyclodextrin in water under neutral conditions and Section-C describes deoximation of oximes with 2-iodylbenzoic acid involving cyclodextrins in aqueous media. Chapter-V is divided into two parts. Section-A deals with C-3 selective ring opening of 2,3-aziridino alcohols and their derivatives with nucleophiles in the presence of β-cyclodextrin in water, Section-B describes an efficient biomimetic route for the cleavage of aziridines to -haloamine catalyzed by -cyclodextrin in aqueous medium.

CHAPTER-I: INTRODUCTION TO BIOMIMETIC ORGANIC SYNTHESIS

Synthetic chemistry has developed to a point at which greater selectivity is demanded. Synthetic methods are needed which can meet the same high standards of chemical yield, selectivity and purity of the desired product as we see in biochemical reactions. Molecular recognition via structural molecular complexations is central to biological phenomena. Enzyme catalysis and inhibition, immunological response, storage of genetic information, replication, biological regulatory functions, drug action and ion transport all involve structural recognition in complexation. Enzymatic processes frequently achieve levels of selectivity, which are not yet attainable by simple chemical means. Most enzyme-catalyzed reactions are stereoselective, selective in the choice of substrates, selective in the type of chemical reactions performed and selective in the region of the molecule attacked when there are several possibilities (regioselective). Mimicking enzymes in their capability to bind substrates selectively and catalyze chemical reactions is one of the important emerging areas of bioorganic chemistry. Biomimetic refers to human-made processes, substances, devices or systems that imitate nature. Biochemical selectivity is the result of the geometry of enzyme-substrate complexes in which only certain substrates can fit in the enzyme and only certain sites of the substrate are then in a position to be attacked. Geometric control could be attained by using reagent substrate complexes in which a rigid reagent would direct attack into a particular region of the substrate and these are called biomimetic systems. Biomimetic modeling of chemical reactions involves reversible formation of host-guest complexes by non-covalent bonding with substrates as seen in enzymes. 

Of particular interest are the water-soluble hosts with hydrophobic cavities, which mimic these biochemical interactions. Amongst them, cyclodextrins which are cyclic oligosaccharides have excited much interest as enzyme models. Cyclodextrins (CDs) possessing hydrophobic cavities, bind substrates selectively and catalyze chemical reactions with high selectivity. They catalyze reactions by supramolecular catalysis involving reversible formation of host-guest complexes. Complexation depends on the size, shape and hydrophobicity of the guest molecule. Thus mimicking of biochemical selectivity, which is due to orientation of the substrate by complex formation positioning only certain region for favorable attack, will be superior to chemical selectivity, which involves random attack due to intrinsic reactivity of the substrate at different regions. Cyclodextrins being chiral can also induce asymmetric reactions.

The following work has been undertaken utilizing this concept of biomimetic modeling of chemical reactions involving cyclodextrins.


CHAPTER-II: BIOMIMETIC MICHAEL ADDITION AND ALLYLATION REACTIONS 

Section-A: Study of the Michael addition of -cyclodextrin-thiol complexes to conjugated alkenes in water

The Michael reaction since its discovery in 1889 is one of the most important reactions in organic chemistry. The conjugate addition of thiols to electron deficient olefins to form a carbon sulfur bond constitutes a key reaction in biosynthesis as well as in organic synthesis. The organosulfur compounds are also useful in the synthesis of biologically active compounds such as calcium antagonist Diltiazem. Consequently, a large number of reagents have been reported in the literature for the addition of mercaptans to conjugated alkenes. However, to overcome side reactions several inorganic salts have been introduced in the presence of strong acid or base. A number of procedures has been developed either based on activation of thiol by a base or activation of the acceptor olefins with Lewis acids. The use of strong acids (polymerization of vinyl ketones) and bases in the medium, toxic catalysts, harsh conditions, far from satisfactory yields and lower selectivities due to the occurrence of side reactions limit the practical applications of these methodologies.

With the green chemistry becoming a central issue in both academic and industrial research in the 21st century, the development of environmentally benign and clean synthetic procedures has become the goal of present day organic synthesis. Thus, there is need for developing Michael addition in water with a recyclable catalyst and without the use of any harmful organic solvents because water is safe, economical and environmentally benign solvent. To achieve these ideal conditions, Michael addition has been developed under supramolecular catalysis involving cyclodextrins with water as solvent. 



These reactions do not generate any toxic waste products. This is the first practically feasible Michael addition reaction of thiols with a variety of conjugated alkenes in water. The reaction proceeds efficiently at room temperature without the need of any acid or base catalyst. This methodology is compatible with various ,-unsaturated ketones, aldehydes, esters, nitriles and amides and different substituted aromatic thiols and cyclohexanethiol under mild reaction conditions. No byproduct formation was observed. Moreover, these reactions are clean with nearly quantitative yields, shorter reaction times, higher selectivities and recyclable catalyst. The catalytic activity of cyclodextrins for these Michael additions is established by the fact that no reaction was observed in the absence of cyclodextrin. The mechanism of addition of thiols as -cyclodextrin complexes to conjugated alkenes was postulated with convincing evidence from 1H NMR spectroscopy. The hydrogen bonding of thiols with the CD hydroxyl makes the S-H bond more weaker enhancing the nucleophilicity of sulfur and making it a better nucleophile towards addition to electron deficient alkenes. These CD mediated water solvent reactions are very useful both from economical and environmental points of view. In contrast with the existing methods using many acidic catalysts, this method is very simple, high yielding and environfriendly. Significant improvements offered by this procedure are (i) fast reaction (time) (ii) simple operational and mild conditions (room temperature) (iii) excellent yields (iv) cost efficiency providing recyclability of the catalyst and (v) green aspect avoiding hazardous organic solvents, toxic and expensive reagents. (Chem. Coummun., 2005, 669)


Section-B: -Cyclodextrin promoted allylation of aldehydes with allyltributyltin under supramolecular catalysis in water

Allylation of carbonyl compounds is an important carbon-carbon bond forming reaction in organic chemistry for the preparation of homoallylic alcohols, which are useful tools for the construction of complex molecules and synthesis of natural products. Though various kinds of Lewis, Bronsted acid and organometallic reagent catalyzed allylation reactions have been reported with allyltin reagents in organic as well as in a mixture of organic and aqueous media, no allylation reaction exclusively in an aqueous medium using allyltributyltin has yet been reported. Lewis acids containing boron, aluminium, titanium and tin are extremely moisture sensitive and so some of these reactions must be carried under strictly anhydrous conditions. In some cases, Lewis acid promoters have also to be used. In the case of some Lewis acids, even a small amount of water inhibits these reactions because the reagents react immediately with water rather than with substrate. Due to various limitations in the existing procedures, an alternate procedure under biomimetic conditions was developed for the allylation of aldehydes using allyltributyltin in the presence of -cyclodextrin with water as the solvent at 60 oC.



This is the first feasible allylation reaction of aldehydes with allyltributyltin in an acidic aqueous medium.   The reactions do not take place in the absence of cyclodextrin indicates the essential role of the CD. In water and HCl alone, without the presence of -CD, the reaction did not proceed with allyltributyltin. The aldehyde is complexed in the cyclodextrin cavity with the CD hydroxyl groups forming hydrogen bonding with the carbonyl oxygen of the aldehyde. The present catalytic allylation reaction involving cyclodextrin exhibited high chemoselectivity towards aldehydes.  These reactions are clean with nearly quantitative yields with short reaction times, high selectivities and recyclable catalyst.  (Tetrahedron Lett., 2005, 46, 4299)
CHAPTER-III: BIOMIMETIC SYNTHESIS OF -HYDROXY ETHERS AND THIIRANES 

Section-A: Highly regioselective ring opening of oxiranes with phenoxides in the presence of -cyclodextrin in water

Oxiranes are carbon electrophiles which have attracted increasing attention as versatile intermediates in organic synthesis. Ring opening of epoxides with phenoxides yields -hydroxy ethers which are synthetically and biologically important class of compounds. 

The straightforward synthesis of -hydroxy ethers consists of the ring opening of epoxides with phenols in the presence of tertiary amines or under alkaline conditions at 80-130 oC. However, most of these procedures suffer from drawbacks such as the formation of regioisomers and the yields were particularly lower when the reaction was carried out in aqueous medium. In some cases no product was obtained in the case of cyclohexene epoxide. Thus there is need for a widely applicable alternate approach under mild experimental conditions. In this direction, an attempt has been made to carryout the regioselective ring opening of epoxides with phenoxides catalyzed by -CD using water as a solvent. The reaction was carried out by the in situ formation of the -CD complex of the epoxide in water followed by the addition of phenoxide and stirring for 8h at 60 oC to give the corresponding -hydroxy ethers in impressive yields. The reaction goes smoothly at 60 oC without the formation of any side products or rearrangements. The catalyst -cyclodextrin can be easily recovered and reused. These reactions do not proceed in the absence of cyclodextrin.



Complexation between epoxide and -CD leads to an inclusion complex where the phenyl ring was accommodated into the -CD cavity as seen from 1H NMR studies. In this type of complex -position in the epoxide will be more hindered. Thus, in the presence of -CD, the thermodynamically less favorable route for the ring opening of epoxide becomes predominant giving the - attack. It has been shown for the first time that -hydroxy ethers with high synthetic potential can be made in a biomimetic fashion with high regio-selectivity from the easily accessible oxiranes and inexpensive phenoxides in the presence of -cyclodextrin in water which has an edge over the existing methodologies. (J. Org. Chem., 2003, 68, 4994)


Section-B:  Synthesis of thiiranes from oxiranes in the presence of -cyclodextrin in water

Organosulfur compounds have become increasingly important in organic synthesis. Of them, thiiranes are the simplest sulfur heterocycles and are most interesting class of compounds both from theoretical and synthetic points of view. They have been used advantageously in pharmaceutical, polymer, pesticide and herbicide industries. Utility of thiirane intermediates has been demonstrated in the synthesis of thioglycosides, which have structural similarity with natural substrates. The most impressive application of cyclic sulfides in natural products is the synthesis of Woodward’s erythromycin.
 
Although a variety of methods have been developed for the synthesis of thiiranes, many of these methods have serious limitations such as extended reaction times, strongly acidic or oxidizing conditions, lower yields, elevated temperatures, hazardous reagents and solvents, undesirable side products, difficulties in separation of the product from the original reactant and catalyst, use of expensive and unrecoverable catalysts, foul smelling reagents which must be handled carefully etc. At times protic acids such as trifluroacetic acid or strong Lewis acids have also to be employed. 

In order to overcome the severe limitations associated with the reported methodologies, an attractive procedure for the synthesis of thiiranes different from the classical approach was developed for the first time under supramolecular catalysis in water in the presence of -cyclodextrin. The reactions were carriedout by the in situ formation of the -cyclodextrin complex of the epoxide in water followed by the addition of potassium thiocyanate and stirring at room temperature to give the corresponding thiiranes in impressive yields. These reactions take place at room temperature and no side products or rearrangements were observed.



Thiiranes might be forming through the intermediacy of the corresponding -hydroxy thiocyanate, however this intermediate could not be isolated due to its rapid conversion to the corresponding thiiranes. This methodology describes a simple, convenient and highly efficient method for the conversion of oxiranes to thiiranes. (Adv. Synth. Catal., 2004, 346, 395)


CHAPTER-IV: BIOMIMETIC (I) OXIDATION AND (II) DEPROTECTION REACTIONS

Section-A: A simple and highly selective biomimetic oxidation of alcohols and epoxides with N-bromosuccinimide in the presence of -cyclodextrin in water

The selective oxidation of alcohols to carbonyl compounds is a highly active research field due to synthetic and commercial relevance of these compounds to both natural product synthesis as well as fine chemical production. The method of catalytic conversion of alcohols to carbonyl compounds is used in the preparation of fragrances and food additives as well as many organic intermediates. -Hydroxyketones obtained from epoxides by oxidation are structural components of natural products including sugars and -hydroxy -aminoacids. They are used in the synthesis of antitumour agents, cortico steroids, antiinflammatory drugs and in the total synthesis of Taxane. Numerous methods have been developed to effect this transformation, which still have some limitations. Traditionally, oxidations of alcohols are performed with stoichiometric amounts of inorganic oxidants. These oxidants are not only relatively expensive, but also generate copious amounts of heavy metal waste and are usually run in chlorinated solvents. Aerobic oxidation is often difficult to control and sometimes results in combustion and the reaction is performed with a low conversion to avoid over-oxidation. However, even catalytic oxidations have some limitations such as pH of the medium, controlled temperature, use of hazardous reagents and solvents, formation of side products etc. 

Moreover oxidation of alcohols reported using N-bromosuccinimide are usually carried out using either anhydrous solvents or under acidic or basic media at varied temperatures. The selectivities observed were also not encouraging in some cases. Oxidation of various alcohols still remains the most problematic process. Thus there is still demand for clean and safe oxidation procedures. Keeping in view various drawbacks associated with the existing methodologies, a highly selective oxidation has been developed for the first time for a variety of alcohols, diols and epoxides without the presence of any acidic or basic catalyst.


Here the role of cyclodextrin appears to be to form an inclusion complex of alcohol/epoxide from the secondary side with the attack of NBS from the primary side of CD. The evidence to this mechanistic approach was deduced from 1H NMR spectroscopy.  Here, an elegant and simple methodology has been developed for the oxidation of a variety of alcohols and epoxides using NBS in the presence of -cyclodextrin with water as the solvent under supramolecular catalysis. (Adv. Synth. Catal., 2004, 346, 346)


Section-B: Highly efficient deprotection of aromatic acetals under neutral conditions using cyclodextrin in water

Selective protection and deprotection of functional groups is of great significance in organic synthesis. Amongst various protecting groups, acetals are frequently used to protect carbonyl compounds in the course of a total synthesis. Their deprotection is an important transformation in organic synthesis due to easy installation, stability under a variety of conditions and also the ease with which they can be removed. The most general methods used for the cleavage of acetals involve aqueous acid hydrolysis, transition metals and Lewis acids, phosphorous-based reagents, and silicon-based reagents. However, some severe limitations are associated with these methodologies such as the use of elevated temperatures, harmful organic solvents, corrosive and acidic reagents which may not be tolerated by other functional groups in the molecule, lower yields leading to lower selectivities etc. In some cases chlorinated solvents have to be used. All these give scope for developing alternative and mild approach for the deprotection of acetals under neutral conditions. Keeping in view various drawbacks associated with the existing procedures, an attempt has been made for the deprotection of acetals of various aromatic aldehydes using cyclodextrins in water, as this is one of the most useful synthetic transformations.


The reactions were carried out by dissolving -cyclodextrin in water at 50 oC followed by the addition of acetals and stirring at that temperature. The yields were impressive and were realized between 80-90% in most cases. These reactions can be effectively carried out with only a catalytic amount of cyclodextrin ie., 0.1 mole of CD per mole of the substrate. These reactions do not take place in the absence of CD. This methodology apart from having the advantage of neutral conditions and aqueous medium is also compatible in the presence of various other functional groups such as OMe, OTBDMS, OAc, allyloxy, methylenedioxy and conjugated double bond to acetals. This work demonstrates cyclodextrin as a highly efficient catalyst for the deprotection of aromatic acetals in water. (J. Org. Chem., 2003, 68, 2018)


Section-C: Deoximation of oximes with 2-iodylbenzoic acid (IBX) in water in the presence of -cyclodextrin

Protection of carbonyl compounds as oximes is of great importance to synthetic chemists, due to their easy installation, removal, and stability in a variety of reactions. Oximes are used extensively for the protection of carbonyl groups, purification and characterization of carbonyl compounds, and also in the preparation of amides via Beckmann rearrangement. Various general methods used for the cleavage of oximes involve a variety of catalysts such as PCC, HIO3, MOCl5-Zn, WCl6-Zn, Zeofen, Zinc bismuthate, CrO3/TMCS, (NH4)2S2O8/silica etc. Though different approaches have been reported some limitations encountered are use of hazardous reagents and solvents, higher temperatures, longer reaction times, lower yields etc. Hence, an alternative method for deoximation of various oximes to carbonyl compounds was carried out effectively under supramolecular catalysis with -cyclodextrin using 2-iodylbenzoic acid in water. IBX (hypervalent iodine reagent) is well known for their selective, efficient, mild and environ friendly properties as oxidizing agents, low toxicity, and high selectivity. The ever growing demand for eco-conscious chemical processes and our interest in green chemistry prompted us to carry out these reactions under supramolecular catalysis, with water as solvent using IBX. This methodology is also compatible with functionalities such as halo, nitro, hydroxy, methoxy, methylenedioxy, isopropoxy, and conjugated double bonds. 



-CD was used only in catalytic amount. These deoximation reactions do not take place in the absence of -cyclodextrin. The role of CD appears to be to activate not only the oxime but may also be forming a CD-IBX complex through hydrogen bonding which then oxidizes the oxime to the corresponding carbonyl compound. The -cyclodextrin has also been recovered and reused. This methodology, involving -cyclodextrin in water with IBX as an oxidizing agent, is the first of its kind to be developed for the deoximation of oximes and has several advantages over the existing methodologies. (Synthesis 2003, 1968)


CHAPTER-V: BIOMIMETIC NUCLEOPHILIC RING OPENING REACTIONS 

Section-A: C-3 Selective ring opening of 2,3-aziridino alcohols and their derivatives with nucleophiles in the presence of -cyclodextrin in water

The aziridine functionality represents one of the most valuable three membered ring systems in modern synthetic chemistry. Aziridines are well-known carbon electrophiles and their synthetic potential is enhanced by their ability to undergo regioselective ring opening reactions especially for the synthesis of nitrogen containing compounds such as amino acids, heterocycles, alkaloids etc. Though, the ring opening of N-tosyl aziridines has been studied with several nucleophiles little attention has so far been given to the chemistry of 2,3-aziridino alcohols and their derivatives. Only very few methods are known for the ring opening of 2,3-aziridino alcohols with nucleophiles. Regioselective cleavage of 2,3-aziridino alcohols and their derivatives with thiols and amines is interesting because the resulting aminosulfides and diamines are biologically and synthetically important class of compounds especially for the synthesis of hydroxy-amino-thiol moieties found in some HIV protease inhibitors. The utility of these reactions is dependent on the regioselectivity at C-2 & C-3. In view of the high importance of regioselective ring opening of these aziridino alcohols we have developed a widely applicable approach for the C-3 selective ring opening of various substituted aziridines preferably using water as a solvent with a recyclable catalyst and minimizing the use of harmful organic solvents. 

Using cyclodextrins we carried out the first C-3 selective thiolysis and aminolysis of 2,3-aziridino alcohols and their derivatives with aromatic thiols and amines. This method provides facile and practical access to various -aminosulfides and diamines.



In general, the reactions were carried out by the in situ formation of -CD complex of 2,3-aziridino alcohols in water followed by the addition of thiolphenol or amines to give the corresponding -amino sulfides or diamines with C-3 opened product as the only isomer as detected by 1H NMR spectroscopic analysis. The reaction proceeds smoothly at room temperature without the formation of any side products or rearrangements. The role of -CD leading to regioselective ring-opening through the formation of an inclusion complex of the aziridine could be seen from 13C NMR studies, that the C2 carbon of the aziridine ring is deshielded indicating its inclusion in the hydrophobic cavity of cyclodextrin. This type of encapsulation of aziridine by -CD exposes only the  position i.e C3 position for nucleophilic attack by thiols and amines leading to high regioselectivity. Apart from this, it also leads to the formation of more stable benzylic carbocation. Thus, the ring opening occurred exclusively at the benzylic position with the formation of only one regioisomer.

2,3-aziridinoalcohols and their derivatives are opened exclusively in a C-3 selective fashion for the first time with various thiophenols and amines. This methodology describes a simple, convenient and highly efficient method for the synthesis of -aminosulfides and diamines. The notable features of this method are cleaner reaction profiles, high yields and operational simplicity. Above all, these reactions are carried out in water. (Adv. Synth. Catal., 2006, 348, 696)


Section-B: Highly efficient regioselective ring opening of aziridines to -haloamines in the presence of -cyclodextrin in water

A large number of marine natural products and drugs possess halogenated skeletons. Hence, regioselective ring opening of aziridines to -haloamines is of considerable interest due to their significance as precursors for the synthesis of medicinally important compounds. The most accessible synthesis of these compounds is by the reaction of aziridines with hydrogen halides but this method suffers from the drawback of formation of mixtures of regioisomers. To overcome this disadvantage a number of reagents have been used. However, these reagents also have various disadvantages such as hygroscopic nature of catalysts, reflux temperatures, anhydrous organic solvents, expensive and hazardous reagents, etc. To overcome these limitations and drawbacks the best choice appeared to be through supramolecular catalysis involving inexpensive hydrogen halides using water as solvent if the disadvantage of formation of mixture of regioisomers associated with this reagent could be overcome. 



The reaction was carried out in aqueous medium using 0.1mmol of -CD followed by the addition of aziridines and hydrogen halide at room temperature. The reactions were smooth without any side product formation. These water-based reactions are mild, practically easy to handle, economic, environmentally benign and the catalyst cyclodextrin can also be recycled. (Synthesis 2004, 501)
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